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Abstract: Vascular endothelial growth factor B (VEGF-B) is one of the enigmatic members of the
VEGF family. The knowledge gap about VEGF-B expression and how its levels are altered in diabetic
eyes were the focus of this investigation that was addressed by comparing and correlating vitreous
VEGF-B between diabetic and non-diabetic patients. VEGF-B levels were measured by enzyme-linked
immunosorbent assay in vitreous samples (n = 33) from diabetic (n = 25) and non-diabetic (n = 8)
patients. Results were compared between groups. Optical coherence tomography from diabetic
patients was evaluated for central retinal thickness (CRT) and macular volume (MV). Mean vitreous
VEGF-B concentration was higher in diabetic (18.82 ± 1.44 pg/mL) vs. non-diabetic patients
(17.90 ± 0.32 pg/mL) (p = 0.006), and in proliferative diabetic retinopathy (PDR) (19.03 ± 1.52 pg/mL)
vs. non-PDR (NPDR) patients (18.18 ±0.96 pg/mL) (p = 0.025). In diabetic retinopathy (DR) patients,
correlation between VEGF-B and CRT (µm) was positive and moderate: rs = 0.441 (p ≤ 0.05) and the
correlation between VEGF-B and MV (mm3) was positive and robust: rs = 0.716 (p ≤ 0.01). VEGF-B
levels are overexpressed in vitreous of diabetic patients, and the levels are higher in developed stages
of DR. Correlation results show that CRT and MV increase with increased levels of VEGF-B. Targeting
VEGF-B inhibition may have therapeutic beneficial implications.
Keywords: angiogenesis; diabetic retinopathy; enzyme-linked immunosorbent assay; vascular
endothelial growth factor-B; VEGF inhibition; vitreous humor
1. Introduction
Vascular endothelial growth factor A (VEGF-A) is the most studied member of the VEGF
family and is an important regulator of angiogenesis and vascular permeability in physiological
and pathological conditions. It induces proliferation and migration of endothelial cells and vascular
permeability, resulting in angiogenesis in vivo [1]. Aiello [2] demonstrated that the levels of VEGF-A
levels are increased in ocular fluids in patients with active retinal neovascularization associated
with several ocular diseases in diabetic patients. Since it promotes angiogenesis in pathological
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conditions [3–5] VEGF-A is considered an important therapeutic target and a focus of considerable
ophthalmologic research.
Besides VEGF-A, there are other members of this family that may be of relevance for ocular disease.
In particular, vascular endothelial growth factor B (VEGF-B) has been described in cardiovascular
disease, diabetes, and cancer; however, its function in ophthalmology remains poorly understood,
as it is the most controversial molecule of the VEGF family [3,6,7]. VEGF-B has been investigated
in different tumor types, and its expression levels were found to be upregulated in cancer tissue [6].
Yang et al. studied the role of VEGF-B in promoting cancer metastasis and tumor invasion, referring to
this molecule as a vascular remodeling factor and a target for cancer treatment [8].
VEGF-B was discovered in 1996 as a VEGF homolog [9,10]. It is expressed in two different isoforms:
a heparin binding VEGF-B167 and diffusible VEGF-B186 [11], as seen in Table 1 [6,7,12–14]. VEGF-B
binds selectively to vascular endothelial growth factor receptor-1 (VEGFR-1) [9] and neuropilin-1
(NRP-1), exerting its effects through binding to those receptors. VEGF-A, VEGF-B, and PIGF (placental
growth factor) bind to VEGFR-1 via D2 domains while VEGF-A binds to VEGFR-2 through the domains
D2 and D3 [15]. Platania and colleagues studied the interactions of VEGF antagonists/VEGF-A
complexes in silico and showed the differences in the interactions and affinities, although higher
affinities alone do not always translate to better efficacy [16].




VEGF-B167—heparin binding isoform, carboxyl terminus
VEGF-B186—diffusible isoform, hydrophobic carboxyl terminus
Binding VEGFR-1 and NRP-1
Molecular masses of
homodimers
VEGF-B167 = 42 kDa
VEGF-B186 = 60 kDa
Expression
In various tissues, as the heart and skeletal muscle, vascular smooth muscles, endothelium
cells, mural cells, pericytes, smooth muscle cells, vascular stem/progenitor cells. Overall, it is
expressed in tissues with high metabolic activity such as the myocardium.
Role
VEGF-B was described as playing roles in angiogenesis, however its ability to stimulate
directly angiogenesis is poor. VEGF-B has an important role in the heart (cardioprotection),
neurologic diseases (inducing neuroprotection), cancer and metabolic diseases.
VEGFR:-1: vascular endothelial growth factor receptor 1 ; NRP-1: neuropilin-1 . [6,7,12–14].
Furthermore, Lyer [17] studied the structure of VEGF-B(10–108)•VEGFR-1D complex and
demonstrated that the domain 2 of VEGFR-1 was the minimal binding domain needed for VEGF-B
interaction. It was also showed that the topology of the studied dimer did not alter when bound
to the receptor. The fact that VEGF-B interacts with VEGFR-1 but not with VEGFR-2 is explained
by electrostatic surface potentials: VEGF-B has a negative charge showing an affinity for the basic
interface of VEGFR-1 and no affinity for VEGFR-2 [17]. In addition, VEGF-B may form heterodimers
with VEGF-A and PIGF, regulating the bioavailability and the activity of those growth factors to
bind VEGFR-1 and NRP-1 [17]. VEGF-B is not stimulated by hypoxia, cytokines, hormones, or
oncogenes [18].
VEGF-B was studied mainly in animal models; however, the expression of VEGF-B in human
eyes and the changes in its levels in certain eye diseases, such as diabetic retinopathy (DR), need to be
elucidated. A better understanding of the molecular pathological events triggered by the increase in
VEGF expression, and specifically in VEGF-B, may be of fundamental importance for the development
of new treatments for these pathologies. This is because the anti-angiogenic therapy is particularly
promising for the treatment of neovascular diseases. Although the anti-angiogenic properties of
VEGF-B are poor, VEGF-B promotes cell survival through its binding to VEGFR-1 and NRP-1, playing
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an important role as an anti-apoptotic molecule. It also suppresses growth through VEGFR-1 when it
acts as a decoy for VEGF-A [12,19].
This project aims to provide a better understanding of the VEGF-B expression in human vitreous
humor and its relationship with DR. It may contribute to the development of improved targeted
anti-VEGF therapies for VEGF-driven eye diseases, with a lower occurrence of serious adverse events
and ultimately for better effective therapeutic interventions. Thus, the main objective of this study was
the quantification and comparison of VEGF-B levels in vitreous samples of diabetic and non-diabetic
patients. Additionally, VEGF-B levels were compared between patients with non-proliferative diabetic
retinopathy (NPDR) and proliferative diabetic retinopathy (PDR) and correlated with central retinal
thickness (CRT) and macular volume (MV). In addition, the glucose levels in the vitreous were
measured and compared between the study groups: diabetic versus non-diabetic patients and NPDR
versus PDR.
2. Materials and Methods
2.1. Participants
The study enrolled 33 patients: 25 diabetic patients with PDR (n = 19) or NPDR (n = 6) (13 women
and 12 men) and a control group of 8 non-diabetic patients (2 women and 6 men) with rhegmatogenous
retinal detachment (RRD). To the best of our knowledge, there are no reports on the measurement of
the VEGF-B levels in vitreous humor of patients with ocular disease, making it difficult to use it as a
reference value. Rhegmatogenous retinal detachment patients with no reports of other eye diseases or
disorders were selected to serve as a control sample, minimizing the bias caused in the interpretation
of the results. Only one eye from each patient was studied.
2.2. Collection of Samples and Data from Patients
Undiluted vitreous humor samples were collected from patients who were referred to the hospital
for pars plana vitrectomy (PPV).
These samples were collected at the beginning of the PPV (core vitrectomy). Tubes from the
vitrectomy were disconnected and connected to a syringe (in coordination with vitrectomy aspiration
at the beginning of the surgery). Before turning on the intravitreal infusion, an undiluted sample of
vitreous was obtained by aspiration into a 2 mL syringe attached to the vitreous cutter. The sample was
transferred to sterilized tubes, placed immediately on ice, and frozen at −80 ◦C until further analysis.
Approximately 500 samples were collected from vitrectomized patients with several pathologies;
of those, 33 samples were chosen for this study based on the following criteria: (1) patients with a
confirmed diagnostic of DR (for the diabetic patient’s study arm), either with PDR or NPDR; (2) patients
naïve to aflibercept treatment; and (3) patients with a sample volume that would allow the confirmation
of the results through repeated enzyme-linked immunosorbent assay (ELISA) tests (Wuhan, China) for
the determination of VEGF-B levels.
Quantitative analysis of the optical coherence tomography (OCT) scans was performed to evaluate
CRT (µm) and MV (mm3) from DR patients using SPECTRALIS OCT (Heidelberg Engineering,
Heidelberg, Germany).
Moreover, patient clinical history was investigated to confirm patient diagnosis, baseline
characteristics, and associated concomitant diseases. Information about concomitant medications or
non-therapeutic drugs that may influence the results was collected, including the use of previous
anti-angiogenic drugs.
2.3. Measurement of Vitreous Vascular Endothelial Growth Factor B Levels
Quantification of vitreous VEGF-B was performed using ELISA Kit for VEGF-B for human
samples (product SEA144Hu, USCN Life Sciences, Wuhan, China). Detection range was between
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15.63–1000 pg/mL, and the sensitivity or the minimum detectable level was less than 5.5 pg/mL. The
assay was conducted according to the protocol specified by the kit manufacturer.
2.4. Measurement of Vitreous Glucose Levels
The enzymatic UV test (hexokinase method) was used for specific quantitative determination of
glucose in vitreous using a Beckman Coulter analyzer AU2700 (Brea, CA, USA) and Glucose reagent
OSR6521. The results were reported in mmol/L.
2.5. Statistical Analysis
Statistical analysis was performed with SPSS (Statistical Package for Social Sciences) version 20.0
for Windows (Microsoft, Armonk, NY, United States of America). Student’s t-test and Mann–Whitney
tests were used to analyze differences. Values of vitreous VEGF-B and glucose levels are reported as
mean ± standard deviation (pg/mL or mmol/L, respectively). For all statistical analyses, a p-value
≤ 0.05 was considered to indicate statistically significant differences. Spearman’s ordinal correlation
coefficient was used to analyze the relationship between quantitative variables because the variables
had no normal distribution.
2.6. Ethical Statement
The study was approved by the Comissão de Ética para a Saúde (CES)/Ethics Committee for
Health of the Centro Hospitalar de Leiria (Code: CHL-15481). All patients included in this study,
which adhered to the tenets of the Declaration of Helsinki, gave their informed consent.
3. Results
3.1. Study Population—Baseline Characteristics
The baseline characteristics of both groups are shown in Table 2. The mean age of the diabetic
and control groups was 68.21 ± 9.59 years and 61.50 ± 14.87 years, respectively. Six patients (24%) had
NPDR, and the other 19 diabetic patients (76%) had PDR. Of the 25 patients in the diabetic group, 19
had prior laser treatment; of which 2 patients received a prior intravitreal injection of triamcinolone
acetonide and 1 received previous treatment with anti-VEGF therapy, namely ranibizumab. None of
the diabetic patients included in the study had been previously treated with aflibercept.
Table 2. Patient baseline clinic, demographic characteristics, and previous treatments.
Patient
Number Gender Eye Submitted to PPV
Diagnosis and/or Stage of Severity
of Diabetic Retinopathy
Previous Treatment for Diabetic
Retinopathy (before Vitrectomy)
1 F OD NPDR No treatment
2 M OS PDR Laser therapy
3 M OS PDR Laser therapy
4 M OD NPDR No treatment
5 M OD PDR Laser therapy plus intravitrealtriamcinolone acetonide
6 F OS PDR Laser therapy
7 F OD PDR Laser therapy
8 M OD NPDR No treatment
9 F OS PDR Laser therapy plus ranibizumabintravitreal injection
10 F OD PDR Laser therapy
11 F OS NPDR No treatment
12 M OS PDR Laser therapy
13 F OD PDR Laser therapy
14 M OS PDR Laser therapy
15 M OS NPDR Laser therapy
16 F OD PDR Laser therapy
17 M OD PDR Laser therapy
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Table 2. Cont.
Patient
Number Gender Eye Submitted to PPV
Diagnosis and/or Stage of Severity
of Diabetic Retinopathy
Previous Treatment for Diabetic
Retinopathy (before Vitrectomy)
18 F OD PDR Laser therapy
19 M OD PDR Laser therapy plus intravitrealtriamcinolone acetonide
20 F OD PDR Laser therapy
21 F OD NPDR No treatment
22 M OD PDR Laser therapy
23 F OD PDR Laser therapy
24 F OD PDR Laser therapy
25 M OS PDR Laser therapy
26 M OD RRD Not applicable
27 M OS RRD Not applicable
28 M OS RRD Not applicable
29 M OS RRD Not applicable
30 M OD RRD Not applicable
31 M OS RRD Not applicable
32 F OS RRD Not applicable
33 F OD RRD Not applicable
F: Female; M: Male; PPV: Pars plana vitrectomy; OD: right eye; OS: left eye; PDR: Proliferative diabetic retinopathy;
NPDR: Non-proliferative diabetic retinopathy; RRD: Rhegmatogenous retinal detachment.
3.2. Comparison of Vascular Endothelial Growth Factor B Levels in Vitreous Humor between Diabetic and
Control Groups
The mean VEGF-B concentration in vitreous humor was higher in the diabetic patients’
group (18.82 ± 1.44 pg/mL) in comparison with the control group of non-diabetic patients
(17.90 ± 0.32 pg/mL) (Figure 1). This difference was considered statistically significant (p = 0.006).
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Figure 1. Comparison of VEGF-B vitreous levels between diabetic patients (n = 25) and non-diabetic
patients (n = 8), analyzed with independent samples, t-test (p = 0.006).
3.3. Comparison of Vascular Endothelial Growth Factor B Levels in Vitreous Humor between Patients with
Proliferative Diabetic Retinopathy vs. Non-Proliferative Diabetic Retinopathy
Mean VEGF-B measurements were high r in vitreous humor of patients with PDR
(19.03 ± 1.52 pg/mL) vs. NPDR (18.18 ± 0.96 pg/mL), and this difference was statistically significant
(p = 0.025) (Figure 2).
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Figure 2. Comparison of VEGF-B levels in vitreous between PDR (n = 19) and NPDR patients (n = 6),
analyzed with Mann–Whitney test (p = 0.025).
3.4. Comparison of Glucose Vitreous Humor Levels between Patients with Diabetic Disease and the
Control Group
Diabetic patients showed increased levels of glucose in vitreous humor (4.57 ± 2.07 mmol/L)
when compared with non-diabetic patients (3.65 ± 2.39 mmol/L), but this difference was not
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Figure 3. Comparison of glucose vitreous levels between diabetic (n = 25) and non-diabetic control
group (n = 8) analyzed with independent-samples, t-test (p = 0.300).
3.5. Comparison of Glucose Vitreous Humor Levels Between Patients with Proliferative Diabetic Retinopathy vs.
Non-Proliferative Diabetic Retinopathy
I this an lysis, p ti nts with PDR showed to hav statistically higher values of glucose in vitreous
when compared to NPDR group f patients (5.06 ± 1.89 mmol/L vs. 3.01 ± 1.98 mmol/L; p = 0.032)
(Figure 4).














































Figure 4. Comparison of glucose vitreous levels between NPDR (n = 6) and PDR patients (n = 19),
analyzed with independent-samples, t-test (p = 0.032).
3.6. Correlation between Vitreous Vascular Endothelial Growth Factor B in Diabetic Retinopathy Patients and
Quantitative Measurements by Optical Coherence Tomography
The correlation between vitreous VEGF-B of DR patients and CRT was statistically significant,
positiv , and moderat : rs = 0.441 (p ≤ 0.05), as seen in Figure 5a. Moreover, the correlation between
vitreous VEGF-B and MV in these atients was statistically significant, positive, and robust: rs = 0.716
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B  were  found  increased  in  PDR  in  comparison  to NPDR,  and  this  difference  was  statistically 
significant. In addition, we found a positive correlation between VEGF‐B vitreous levels and the CRT 
or  MV  measured  by  OCT,  suggesting  that  overexpression  of  VEGF‐B  may  influence  these 
quantitative parameters in DR patients. 
It  is uncertain whether  the  inhibition of VEGF‐B  is beneficial  and  improves patients’ visual 
acuity as well as structural outcomes, given the protecting and survival action of VEGF‐B. 
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Figure 5. Correlation between vitreous VEGF-B (pg/mL) levels in DR patients (a) and central retinal
thickness (CRT; µm), rs = 0.441 (p ≤ 0.05); or (b) and macular volume (MV; mm3), rs = 0.716 (p ≤ 0.01),
analyzed using Spearman’s correlation coefficient.
4. Discussion
VEGF-B is a proangiogenic cytokine [20] that has been implicated in several diseases. Contrary to
VEGF-A, the prototypical member of the family that was found increased in the vitreous humor
of patients with retinal diseases such as DR, the biological role of VEGF-B in the eye has not
been sufficiently studied. Moreover, its function remains controversial and needs to be elucidated,
specifically in pathological events in eye disease.
The present study demonstrated that VEGF-B is significantly increased in diabetic patients
with ocular disease in comparison with non-diabetic patients. This is an interesting finding as the
VEGF-B levels have not been measured in the vitreous humor of human eyes. Moreover, the levels of
VEGF-B were found increased in PDR in comparison to NPDR, and this difference was statistically
significant. In addition, we found a positive correlation between VEGF-B vitreous levels and the CRT
or MV measured by OCT, suggesting that overexpression of VEGF-B may influence these quantitative
parameters in DR patients.
It is uncertain whether the inhibition of VEGF-B is beneficial and improves patients’ visual acuity
as well as structural outcomes, given the protecting and survival action of VEGF-B.
Reports on the role of VEGF-B have provided controversial findings. Silvestre [21] demonstrated
that VEGF-B in mice had angiogenic properties, in part through VEGFR-1. Also, Wafai et al. [22]
showed that VEGF-B under certain conditions promoted angiogenesis in the tibidis anterior muscle
of rabbits with bilateral hind limb ischemia. Aase et al. [23] revealed that VEGF-B was necessary
for heart function but not required for heart development or the angiogenesis process in the adult
mice. Reichelt et al. [24] demonstrated that under normal conditions, the retinal vasculature of the
mice was not affected by the lack of VEGF-B. Rissanen [25] also showed, with his experience with
skeletal muscles of rabbits, that VEGFR-1 ligand VEGF-B did not induce angiogenesis. Bhardwaj
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et al. [26] studied the angiogenic responses of the different members of the VEGF family in rabbit
carotid arteries and verified that VEGF-B did not display angiogenic activity. Li et al. [27] suggested a
specific role of VEGF-B in the revascularization of ischemic myocardium, playing an important role as
cardioprotector. In this specific case, VEGF-B was described as having angiogenic activity. In the same
light, Mould [28] proposed VEGF-B therapy for ischemic heart disease due to its role in promoting
vascular growth and, therefore, revascularization. An interesting finding by Li et al. [14] was that
VEGF-B was a potent inhibitor of apoptosis, rescuing neurons in the retina from apoptosis in a mice
model in ocular neurodegenerative diseases and the brain of a mice model of stroke. They also showed
that the treatment with VEGF-B using an effective dose for the survival of neurons did not cause
angiogenic activity.
VEGF-B therapy may lead to vessel survival and rescue of blood vessels from apoptosis; thus, it
is being referred as a possible therapy in neurologic diseases, such as Parkinson’s disease. Confirming
these findings, Poesen et al. [29] showed the function of VEGF-B186 in the nervous system in an
animal study. Specifically, the neuroprotective effects of VEGF-B in combination with its very low
angiogenic and permeability action. They reported its role as a neuroprotector, turning it into an
appealing treatment for neurodegenerative diseases. Based on the findings of the above studies, it can
be stated that VEGF-B plays a role in response to pathological conditions, and its upregulation may
demonstrate benefits.
However, other studies reported that VEGF-B plays a role as an inhibitor of choroidal and retinal
neovascularization through VEGFR-1 and NRP-1. In his work, Zhang et al. [30] referred to VEGF-B as
a survival factor instead of an angiogenic factor, suggesting that the survival factor was mediated by
NRP-1 and VEGFR-1 complexes. Li et al. [19] reported that VEGF-B targeting inhibits pathological
angiogenesis by abolishing blood cell survival, confirming the apoptotic effect of VEGF-B. Li et al. [12]
also referred that antigrowth and anti-angiogenic effects of the VEGF-B are mediated through VEGFR-1,
which acts as a VEGF-A decoy, suppressing angiogenesis.
Based on the above studies describing the different functions of VEGF-B and the results of our
investigation where VEGF-B appears to be overexpressed in DR in comparison with RRD, we suggest
that VEGF-B targeted therapy by an anti-angiogenic drug may have a therapeutic effect on neovascular
diseases. Due to the inhibition of VEGF-B, the treatment of vascular diseases of the retina may improve
outcomes and have positive effects on the patients. It is important to acknowledge that VEGF-B does
not act under normal physiological conditions, but instead in pathological conditions, which makes
VEGF-B an attractive and safe therapeutic molecule.
Lundquist O. and Österlin [31] demonstrated in their study that vitreous glucose concentration
was in general (with some exceptions) lower than in blood but was higher in the diabetic group than
in the non-diabetic group of patients. In our study, glucose concentration was also assayed in vitreous
humor samples obtained from patients of the two study groups. The diabetic patients showed higher
glucose levels in the vitreous than the non-diabetic group; however, the difference was not statistically
significant. Moreover, vitreous glucose concentration was lower in NPDR patients than in the PDR
patients, suggesting that vitreous glucose concentration increases with disease severity.
5. Conclusions
VEGF-B was found significantly increased in DR patients, and this increase is significantly higher
as the DR is at a more advanced stage. We suggest VEGF-B can offer an alternative and challenging
therapeutic target in the treatment of neovascular conditions, such as diabetic eye disease. Randomized
clinical trials are needed to be conducted in order to confirm the efficacy of anti-VEGF-B therapy.
Furthermore, due to the cardioprotective and neuroprotective effect of this molecule, and taking into
account that diabetic patients have multiple disease risk factors, studies targeting VEGF-B inhibition
must be conducted carefully to determine its safety, particularly in these patients.
Acknowledgments: We thank Nurse Cristina Matias for her support in the collection and preparation of samples
and José Pereira for the support in statistical analysis. We also acknowledge the orthoptist team from Centro
Med. Sci. 2017, 5, 17 10 of 11
Hospitalar de Leiria for assistance in data collection. Fátima M. Santos acknowledges a research fellowship
(CENTRO-07-ST24-FEDER-002014) financed by the program 2007–2013 Quadro de Referência Estratégico Nacional
(QREN) and a doctoral fellowship (SFRH/BD/112526/2015) from Fundação para a Ciência e a Tecnologia (FCT).
Author Contributions: Joana Mesquita managed the experiment, conducted data collection, and wrote the
manuscript. Joana Mesquita, João Paulo Castro-Sousa, and Cândida T. Tomaz conceived and designed the
experiment. João Paulo Castro-Sousa and Arminda Neves collected vitreous and serum samples during PPV.
Joana Mesquita, Sara Vaz-Pereira, João Paulo Castro-Sousa, and Cândida T. Tomaz analyzed the data and
experiment and reviewed all manuscript versions. Paulo Tavares-Ratado and Fátima M. Santos contributed
to laboratory analysis, revisions, and analysis tools; Luís A. Passarinha, João Paulo Castro-Sousa, and
Cândida T. Tomaz oriented the work. All authors read and approved the final manuscript.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Yamazaki, Y.; Morita, T. Molecular and functional diversity of vascular endothelial growth factors.
Mol. Divers. 2006, 10, 515–527. [CrossRef] [PubMed]
2. Aiello, L.P.; Avery, R.L.; Arrigg, P.G.; Keyt, B.A.; Jampel, H.D.; Shah, S.T.; Pasquale, L.R.; Thieme, H.;
Iwamoto, M.A.; Park, J.E. Vascular endothelial growth factor in ocular fluid of patients with diabetic
retinopathy and other retinal disorders. N. Engl. J. Med. 1994, 331, 1480–1487. [CrossRef] [PubMed]
3. Ylä-Herttuala, S.; Rissanen, T.T.; Vajanto, I.; Hartikainen, J. Vascular endothelial growth factors. J. Am.
Coll. Cardiol. 2007, 49, 1015–1026. [CrossRef] [PubMed]
4. Takahashi, H.; Shibuya, M. The vascular endothelial growth factor (VEGF)/VEGF receptor system and its
role under physiological and pathological conditions. Clin. Sci. 2005, 109, 227–241. [CrossRef] [PubMed]
5. Penn, J.S.; Madan, A.; Caldwell, R.B.; Bartoli, M.; Hartnett, M.E. Vascular endothelial growth factor in eye
disease. Prog. Retinal Eye Res. 2008, 27, 331–371. [CrossRef] [PubMed]
6. Nash, A.D.; Baca, M.; Wright, C.; Scotney, P.D. The biology of vascular endothelial growth factor-B (VEGF-B).
Pulm. Pharmacol. Ther. 2006, 19, 61–69. [CrossRef] [PubMed]
7. Bry, M.; Kivela, R.; Leppanen, V.; Alitalo, K. Vascular endothelial growth factor-B in physiology and disease.
Physiol. Rev. 2014, 94, 779–794. [CrossRef] [PubMed]
8. Yang, X.; Zhang, Y.; Hosaka, K.; Andersson, P.; Wang, J.; Cao, Z.; Morikawa, H.; Tegnér, J.; Yang, Y. VEGF-B
promotes cancer metastasis through a VEGF-A—Independent mechanism and serves as a marker of poor
prognosis for cancer patients. Proc. Nat. Acad. Sci. USA 2015, 112, E2900–E2909. [CrossRef] [PubMed]
9. Olofsson, B.; Pajusola, K.; Kaipainen, A.; von Euler, G.; Joukov, V.; Saksela, O.; Orpana, A.; Pettersson, R.F.;
Alitalo, K.; Eriksson, U. Vascular endothelial growth factor B, a novel growth factor for endothelial cells.
Proc. Nat. Acad. Sci. USA 1996, 93, 2576–2581. [CrossRef] [PubMed]
10. Li, X. Novel VEGF family members: VEGF-B, VEGF-C and VEGF-D. Int. J. Biochem. Cell Biol. 2001, 33,
421–426. [CrossRef]
11. Li, X. VEGF-B: A thing of beauty. Cell Res. 2010, 20, 741–744. [CrossRef] [PubMed]
12. Li, X.; Kumar, A.; Zhang, F.; Lee, C.; Tang, Z. Complicated life, complicated VEGF-B. Trends Mol. Med. 2012,
18, 119–127. [CrossRef] [PubMed]
13. Olofsson, B.; Korpelainen, E.; Pepper, M.S.; Mandriota, S.J.; Aase, K.; Kumar, V.; Gunji, Y.; Jeltsch, M.M.;
Shibuya, M.; Alitalo, K.; et al. Vascular endothelial growth factor B (VEGF-B) binds to VEGF receptor-1 and
regulates plasminogen activator activity in endothelial cells. Proc. Nat. Acad. Sci. USA 1998, 95, 11709–11714.
[CrossRef] [PubMed]
14. Li, Y.; Zhang, F.; Nagai, N.; Tang, Z.; Zhang, S.; Scotney, P.; Lennartsson, J.; Zhu, C.; Qu, Y.; Fang, C.; et al.
VEGF-B inhibits apoptosis via VEGFR-1–mediated suppression of the expression of BH3-only protein genes
in mice and rats. J. Clin. Investig. 2008, 118, 913–923. [CrossRef] [PubMed]
15. Leppanen, V.; Prota, A.; Jeltsch, M.; Anisimov, A.; Kalkkinen, N.; Strandin, T.; Lankinen, H.; Goldman, A.;
Ballmer-Hofer, K.; Alitalo, K. Structural determinants of growth factor binding and specificity by VEGF
receptor 2. Proc. Nat. Acad. Sci. USA 2010, 107, 2425–2430. [CrossRef] [PubMed]
16. Platania, C.B.; Di Paola, L.; Leggio, G.M.; Romano, G.L.; Drago, F.; Salomone, S.; Bucolo, C. Molecular
features of interaction between VEGFA and anti-angiogenic drugs used in retinal diseases: A computational
approach. Front. Pharmacol. 2015, 6. [CrossRef] [PubMed]
Med. Sci. 2017, 5, 17 11 of 11
17. Iyer, S.; Darley, P.; Acharya, K. Structural Insights into the Binding of Vascular Endothelial Growth Factor-B
by VEGFR-1D2. J. Biol. Chem. 2010, 285, 23779–23789. [CrossRef] [PubMed]
18. Simpson, D.A.C.; Murphy, G.M.; Bhaduri, T.; Gardiner, T.A.; Archer, D.B.; Stitt, A.W. Expression of the VEGF
gene family during retinal vaso-obliteration and hypoxia. Biochem. Biophys. Res. Commun. 1999, 262, 333–340.
[CrossRef] [PubMed]
19. Li, X.; Lee, C.; Tang, Z.; Tang, Z.; Zhang, F.; Arjunan, P.; Li, Y.; Hou, X.; Kumar, A.; Dong, L. VEGF-B.
Cell Adhes. Migr. 2009, 3, 322–327. [CrossRef]
20. Yoon, Y. All in the family: VEGF-B joins the ranks of proangiogenic cytokines. Circ. Res. 2003, 93, 87–90.
[CrossRef] [PubMed]
21. Silvestre, J. Vascular endothelial growth factor-B promotes in vivo angiogenesis. Circ. Res. 2003, 93, 114–123.
[CrossRef] [PubMed]
22. Wafai, R.; Tudor, E.M.; Angus, J.A.; Wright, C.E. Vascular effects of FGF-2 and VEGF-B in rabbits with
bilateral hind limb ischemia. J. Vasc. Res. 2009, 46, 45–54. [CrossRef] [PubMed]
23. Aase, K.; von Euler, G.; Li, X.; Pontén, A.; Thorén, P.; Cao, R.; Cao, Y.; Olofsson, B.; Gebre-Medhin, S.;
Pekny, M.; et al. Vascular endothelial growth factor-B-deficient mice display an atrial conduction defect.
Circulation 2001, 104, 358–364. [CrossRef] [PubMed]
24. Reichelt, M.; Shi, S.; Hayes, M.; Kay, G.; Batch, J.; Gole, G.A.; Browning, J. Vascular endothelial growth
factor-B and retinal vascular development in the mouse. Clin. Exp. Ophthalmol. 2003, 31, 61–65. [CrossRef]
[PubMed]
25. Rissanen, T.T. VEGF-D is the strongest angiogenic and lymphangiogenic effector among VEGFs delivered
into skeletal muscle via Adenoviruses. Circ. Res. 2003, 92, 1098–1106. [CrossRef] [PubMed]
26. Bhardwaj, S.; Roy, H.; Gruchala, M. Angiogenic responses of vascular endothelial growth factors in
periadventitial tissue. Hum. Gene Ther. 2003, 14, 1451–1462. [CrossRef] [PubMed]
27. Li, X.; Tjwa, M.; Van Hove, I.; Enholm, B.; Viita, H.; Kholova, I.; Kokina, I.; Achen, M.G.; Stacker, S.A.;
Hedman, M.; et al. Reevaluation of the role of VEGF-B suggests a restricted role in the revascularization of
the ischemic myocardium. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1614–1620. [CrossRef] [PubMed]
28. Mould, A. Transgenic overexpression of vascular endothelial growth factor-B Isoforms by endothelial cells
potentiates postnatal vessel growth in vivo and in vitro. Circ. Res. 2005, 97, e60–e70. [CrossRef] [PubMed]
29. Poesen, K.; Lambrechts, D.; Van Damme, P.; Dhondt, J.; Bender, F.; Frank, N.; Bogaert, E.; Claes, B.; Heylen, L.;
Verheyen, A.; et al. Novel role for vascular endothelial growth factor (VEGF) receptor-1 and its ligand
VEGF-B in motor neuron degeneration. J. Neurosci. 2008, 28, 10451–10459. [CrossRef] [PubMed]
30. Zhang, F.; Tang, Z.; Hou, X.; Lennartsson, J.; Li, Y.; Koch, A.W.; Scotney, P.; Lee, C.; Arjunan, P.; Dong, L.;
et al. VEGF-B is dispensable for blood vessel growth but critical for their survival, and VEGF-B targeting
inhibits pathological angiogenesis. Proc. Nat. Acad. Sci. USA 2009, 106, 6152–6157. [CrossRef] [PubMed]
31. Lundquist, O.; Österlin, S. Glucose concentration in the vitreous of nondiabetic and diabetic human eyes.
Graefe’s Arch. Clin. Exp. Ophthalmol. 1994, 232, 71–74. [CrossRef]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
